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Abstract: This paper proposes a computationally efficient analytical method, for accurate prediction of 3-
dimensional (3D) eddy current loss in the rotor magnets of surface mounted permanent magnet machines 
considering slotting effect. Sub-domain model incorporating stator tooth tips is employed to generate the 
information on radial and tangential time-derivatives of 2D magnetic field (eddy current sources) within 
the magnet. The distribution of the eddy current sources in 3D is established for the magnets by applying 
the eddy current boundary conditions and the Coulomb gauge imposed on the current vector potential. The 
3D eddy current distributions in magnets are derived analytically by employing the method of variable 
separation and the total eddy current loss in the magnets are subsequently established. The method is 
validated by 3D time-stepped finite element analysis (FEA) for 18-slot, 8-pole and 12-slot, 8-pole 
permanent magnet machines. The eddy current loss variations in the rotor magnets with axial and 
circumferential numbers of segmentations are studied. The reduction of magnet eddy current loss is 
investigated with respect to harmonic wavelength of the source components to suggest a suitable 
segmentation for the rotor magnets in SPM machines. 
 

1. Introduction 

High power density surface mounted permanent magnet (SPM) machines[1] with modular winding  

configuration [2, 3] generates a large amount of MMF space harmonics rotating in forward and backward 

directions. These harmonics, coupled with slotting and supply time harmonics can produce increased eddy 

current loss in magnets especially when operating at higher speeds. Hence such machines employing 

highly conductive Nd-Fe-B magnets may suffer from elevated temperature rise that will increase the risk 

of partial demagnetization [4]. Axial and circumferential segmentation of the magnets are often employed 

to reduce these losses [5]. An accurate prediction of magnet loss at the design stage, not only give a better 

efficiency evaluation, but also may prevent excessive temperature rise in magnets and hence reduce the 

risk of partial demagnetization.  

In order to evaluate and analyse the eddy current losses [6] in the magnets, variety of methods have 

been reported in a large number in literatures. In general, evaluation of rotor eddy current losses requires 

simultaneous solutions for the governing equations of the magnetic and eddy current fields. The 

computationally efficient 2D numerical methods such as transient FEA to calculate the eddy current losses 
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[7-9], can yield good results but lacks any physical insight on the mechanism of eddy current loss. Hence a 

few 2D analytical methods are developed to predict the magnet eddy current loss with varying degree of 

accuracy [10-16]. The reduction in magnet loss with circumferential segmentations can be successfully 

evaluated using these methods. However, they ignore the slotting effect and approximates winding 

currents by an equivalent current sheet distributed over the stator bore radius. The method of choosing a 

suitable pole –slot combination for minimizing the rotor loss in permanent magnet machines is described  

in [17, 18]. 

Unless the slotting harmonics are considered in the loss evaluation, the no load magnetic loss and 

also its interaction with the armature field harmonics at diverse load conditions  cannot be quantified [19]. 

As the eddy current density inside the magnet is evaluated from the time derivative of the magnetic vector 

potential within it, a sufficiently accurate machine model which accounts the slotting effect becomes 

indispensable to estimate these time variations. Magnet loss evaluation employing 2D relative permeance 

model [20-22] gives a better estimation of no-load magnet losses, but the results deviate from the actual 

values when the loss due to armature reaction is considered. While improved flux density assessment 

models are proposed in [23-25] by employing complex relative permeability to predict magnet loss [26], a 

better accurate subdomain models [27-29] are preferred for loss estimation in permanent magnets [19, 30]. 

These methods except [11], [21] [22] and [26] are mainly resistance limited assuming the skin depth for 

the eddy currents is sufficiently high under the normal operating conditions of the machine.  

While 2D evaluation of eddy current loss in SPM machines can be performed analytically 

considering slotting effect, its accuracy is compromised if the axial length of magnets is comparable to 

their other dimensions since the eddy current flow in the magnets may become predominantly 3-

dimensional (3D). In order to overcome the enormous computation time in magnet loss evaluation 

encountered in 3D FEA, computationally efficient reduced order numerical methods and 3D analytical 

methods have received significant interest in research communities [31-39]. These reduced order 

numerical methods may be computationally efficient, however are complicated to implement. Also, the 3D 

analytical methods reported for SPMs, ignores slotting effect and the radial variation of flux density along 

the magnets. Most of these methods also discard the field produced by the permanent magnets and the loss 

contribution by the tangential component of the magnetic field. Moreover, these methods also ignore the 

variation of loss among different magnet segments in computing the total eddy current loss. The 3D eddy 

current loss model for magnets published in [40] considering only machines with narrow slot openings 

using Carter’s theory fails to replicate the flux density undulations accurately. Inaccurate eddy current loss 

calculation may cause underestimation of rotor temperatures, which in turn increases demagnetization risk. 



3 
 

Therefore, an accurate and computationally-efficient solution for quantifying the eddy current losses is 

necessary. 

 

The method of generalized imaging is proposed in[41] to establish the eddy current source 

distribution in the form of 3D Fourier series in ݔǡ ǡݕ  directions. Ultimately only the coefficients for the ݖ

sines and cosines needed to be evaluated using Fourier expansion in three dimensions. While the physical 

concept for the images is clear, the mathematical process to represent the sources and images in 3D space 

is quite cumbersome. Also the slotting effect is not included in [41] and hence cannot be used to predict 

the 3D no-load magnet loss, and to assess the effect of slotting under load conditions. The method of 

magnet eddy current loss prediction accounting eddy current reaction is proposed in [42] employing the 

magnetic field variations from 2D FEA. However, this method cannot be employed for predicting the 3D 

magnet loss associated with different harmonic components with increase in axial and circumferential 

segmentations. 

This paper establishes the 3D eddy current source distributions in a much more elegant manner. The 

rest of the paper is organized as follows. Section 2 derives 2D eddy current source distribution from the 

sub-domain model. Section 3 describes the governing equations and boundary conditions for 3D eddy 

current field. Section 4 establishes the radial and tangential source distributions in 3D based on the 

boundary conditions for the eddy current density and the Coulomb gauge adopted for the current vector 

potential. Section 5 validates the proposed method on 18-slot, 8-pole and 12-slot, 8-pole SPM machines by 

evaluating its magnet loss with due account of slotting at no load and at peak load conditions and 

comparing the results with time-stepped 3D FEA. In section 6 the significance of the source components 

in loss evaluation is established and the loss associated with different source harmonics with increase in 

number of segmentations is quantified to study the relationship between harmonic wavelength and the 

segment width in magnet loss reduction. Section 7 summarizes the findings in conclusion. 

2. Sub domain model and calculation of magnet flux density variation 

The subdomain model  with simplified slots and uniform distribution of current in them is presented 

by assuming infinitely permeable iron materials and it replicates the flux density variations in the magnet 

quiet accurately [29]. The radial and tangential component of the flux density at a radius ‘r’ along the 

magnet, which contributes to the magnet loss can be represented in the rotor reference as, 

௥ܤ  ൌ ෍ሾെܥ௞ܣଵ s��ሺ݇ߠ௥ ൅ ݇߱௥ ݐሻ ൅ ଵܥ௞ܥ c�sሺ݇ߠ௥ ൅ ݇߱௥ ݐሻሿ௞  

 
(1) 
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௧ܤ ൌ ෍ሾെܦ௞ܣଵ c�sሺ݇ߠ௥ ൅ ݇߱௥ ݐሻ െ ଵܥ௞ܦ s��ሺ݇ߠ௥ ൅ ݇߱௥ ݐሻሿ௞  (2) 

 

where ܥ௞ ൌ ݇ Τݎ ௞ܦ ,ଵ௞ܥ ൌ െͳ Τݎ ߱ ௥ andߠ , ସ௞ܥ ௥  are rotor position and angular speed, respectively. 

The coefficients which accounts for the slotting effect, ܣଵ and ܥଵ, varies with rotor position and can be 

expressed as Fourier series: ܣଵ ൌ ෍ ܽଵ௟ c�sሺ݈߱݌௥ ݐ ൅ ߰௔௟ሻ௟   
ଵܥ (3) ൌ ෍ ܿଵ௟ c�sሺ݈߱݌௥ ݐ ൅ ߰௖௟ሻ௟   
(4) 

 

where l =1, 2, 3… and p is the number of pole pairs. 

The ߲ ௥ܤ Τ  ݐ߲ and  ߲ܤ௧ Τ ݐ߲ calculated from (1) to (4) form the source for eddy current generation in 

the magnets and they are given by, ߲ܤ௥߲ݐ ൌ ෍ ෍ ௞ܥ  ቈ ܽ௕௥ ሺ݇ ൅ ௥ ൅ߠሻ߱௥ c�sሺ݇݌݈ ሺ݇ ൅ ݐ ሻ߱௥݌݈ ൅ ߰௕௥ሻ൅ܽ௙௥ ሺ݇ െ ௥ ൅ߠሻ߱௥ c�s൫݇݌݈ ሺ݇ െ ݐ ሻ߱௥݌݈ ൅ ߰௙௥൯ ቉௟௞  
 

ݐ௧߲ܤ߲ (5) ൌ ෍ ෍ ௞ܦ  ቈ ܽ௕ఈ ሺ݇ ൅ ௥ ൅ߠሻ߱௥ c�sሺ݇݌݈ ሺ݇ ൅ ݐ ሻ߱௥݌݈ ൅ ߰௕ఈሻ൅ܽ௙ఈሺ݇ െ ௥ ൅ߠሻ߱௥ c�s൫݇݌݈ ሺ݇ െ ݐ ሻ߱௥݌݈ ൅ ߰௙ఈ൯ ቉௟௞  
 

(6) 

 

 The expressions for , , , , , , ,br fr br fr b f b fa a a a       , are defined in Appendix 9.1. The first term in 

the square bracket in (5) and (6) is associated with backwards rotating harmonics and the second term with 

forward rotating harmonics. Separation of magnetic field variations as forward and backward rotating 

harmonics helps in separating the losses associated with different harmonics. The definitions for other 

coefficients in (1)-(6) can be found in [29]. 

3. Field description for eddy currents in rectangular magnets 

From Faraday’s induction law and neglecting eddy current reaction, the eddy current density 

distribution J in magnets at a given time instant is dependent on the rate of change of flux density B with 

time which can be seen as a source distribution denoted by S. Their relation is expressed as (7).  ׏ ൈ ܬ ൌ ௫ܵ ܵߪ ൌ െ ݐ௫߲ܤ߲ ǡ ܵ௬ ൌ െ ݐ௬߲ܤ߲ ǡ ܵ௭ ൌ െ ݐ௭߲ܤ߲  
(7) 
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where  is the conductivity of magnets. According to the continuity law of the eddy current 

density, ׏ ή ܬ ൌ Ͳǡ ׏ .may be expressed as the curl of a current vector penitential A in ( 8) ܬ ൈ ܣ ൌ  ܬ
8) 

Applying the Coulomb gauge ׏ ή ܣ ൌ Ͳ, it can be shown that the current vector potential ܣ  satisfies: ׏ଶܣ ൌ െ(9) ܵߪ 

Fig.1a indicates a magnet in a SPM machine in which the eddy current field is induced by 2D time-

varying magnetic field. The magnet is approximated in rectangular shape by neglecting its curvature effect. 

The circumferential direction is denoted as x, radial direction as y and axial direction as z. It is assumed 

that the magnetic field distribution in the machine is two-dimensional, and hence the flux density has x 

and y components which is independent of z. Thus, the source vector ܵ only has two components ܵ ௫ ൌ  ߲ܤ௫ Τ ݐ߲  and ܵ௬ ൌ ௬ܤ߲  Τ ݐ߲ . The dimensions of the magnets in the three directions are denoted as Lx, Ly 

and Lz respectively. 

 
Fig.1. A rectangular magnet in a SPM machine indicating its six surfaces with eddy current field excited by 2D magnetic field 
a Magnet dimensions and source fields 
b Magnet surfaces  x ൌ Ͳ ܽ݊݀ ݔ ൌ  ௫ܮ
c Magnet surfaces  y ൌ Ͳ ܽ݊݀ ݕ ൌ  ௬ܮ
d Magnet surfaces  z ൌ Ͳ ܽ݊݀ ݖ ൌ  ௭ܮ
 

 

Since the conductivity outside the magnet is zero, the boundary conditions on the six magnet 

surfaces, namely, two parallel x-z planes, two y-z planes and two x-y planes, are given by:  ݊௩ ή ܬ ൌ Ͳ (

10) 

where nv denotes the normal vectors of the magnet surfaces.  
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4. Solution to 3D source distribution from the boundary conditions for a rectangular 
magnet  

At a given rotor position, the source distributions, ܵ௫ and ܵ ௬  in a rotor magnet are known and may 

be expanded into 3D space by 3D Fourier series of the following form: ܵ௫ ൌ ෍ ෍ ෍ ܽሺ௠ǡ௡ǡ௞ሻܿݏ݋൫݉ ௫ܲభݔ ൅ ߰௫భ൯ܿݏ݋൫݊ ௬ܲభݕ ൅ ߰௬భ൯ܿݏ݋൫݇ ௭ܲభݖ ൅ ߰௭భ൯ஶ
௞ୀଵ

ஶ
௡ୀଵ

ஶ
௠ୀଵ  (11) 

ܵ௬ ൌ ෍ ෍ ෍ ܾሺ௠ǡ௡ǡ௞ሻܿݏ݋൫݉ ௫ܲమݔ ൅ ߰௫మ൯ܿݏ݋൫݊ ௬ܲమݕ ൅ ߰௬మ൯ܿݏ݋൫݇ ௭ܲమݖ ൅ ߰௭మ൯ஶ
௞ୀଵ

ஶ
௡ୀଵ

ஶ
௠ୀଵ  

 

(12) 

where ݉ ǡ ݊ǡ ݇  are the harmonic orders in  ݔǡ ǡݕ directions respectively. ௫ܲభ ݖ ǡ ௬ܲభ ǡ ௭ܲభ ǡ ௫ܲమ ǡ ௬ܲమ ǡ ௭ܲమ  and 

the phase angles ߰௫భ ǡ ߰௬భ ǡ ߰௭భ ǡ ߰௫మ ǡ ߰௬మ ǡ ߰௭మ  are the parameters to be determined in order to satisfy the 

physical constraints of eddy current distributions.  

The 3D Fourier expansion implies that the source distribution within the magnets is repeated 

periodically in 3D space although the space of the concern is limited within the magnet defined by its 

dimensions ܮ௫ǡ ௭ܮ ௬ a�dܮ . The solutions of the current vector potential ܣ௫ ௬ܣ ,  which satisfy Poisson’s 

equation of (9) with the source  ܵ௫ , ܵ ௬ distribution in (11) and (12) are given by: 

௫ܣ ൌ ෍ ෍ ෍ ܿሺ௠ǡ௡ǡ௞ሻܿݏ݋൫݉ ௫ܲభݔ ൅ ߰௫భ൯ܿݏ݋൫݊ ௬ܲభݕ ൅ ߰௬భ൯ܿݏ݋൫݇ ௭ܲభݖ ൅ ߰௭భ൯ஶ
௞ୀଵ

ஶ
௡ୀଵ

ஶ
௠ୀଵ  (13) 

௬ܣ ൌ ෍ ෍ ෍ ݀ሺ௠ǡ௡ǡ௞ሻܿݏ݋൫݉ ௫ܲమݔ ൅ ߰௫మ൯ܿݏ݋൫݊ ௬ܲమݕ ൅ ߰௬మ൯ܿݏ݋൫݇ ௭ܲమݖ ൅ ߰௭మ൯ஶ
௞ୀଵ

ஶ
௡ୀଵ

ஶ
௠ୀଵ  

 

(14) 

 

where  ܿሺ௠ǡ௡ǡ௞ሻ and ݀ ሺ௠ǡ௡ǡ௞ሻ are the coefficients associated with (n, m, k)th harmonic for the current 

vector potential. Consequently ܬ௫ǡ ௬ǡܬ  ,௭ can be derived from (8) asܬ

௫ܬ ൌ ෍ ෍ ෍ ݁ሺ௠ǡ௡ǡ௞ሻܿݏ݋൫݉ ௫ܲమݔ ൅ ߰௫మ൯ܿݏ݋൫݊ ௬ܲమݕ ൅ ߰௬మ൯݊݅ݏ൫݇ ௭ܲమݖ ൅ ߰௭మ൯ஶ
௞ୀଵ

ஶ
௡ୀଵ

ஶ
௠ୀଵ  (15) 

௬ܬ ൌ ෍ ෍ ෍ ݄ሺ௠ǡ௡ǡ௞ሻܿݏ݋൫݉ ௫ܲభݔ ൅ ߰௫భ൯ܿݏ݋൫݊ ௬ܲభݕ ൅ ߰௬భ൯݊݅ݏ൫݇ ௭ܲభݖ ൅ ߰௭భ൯ஶ
௞ୀଵ

ஶ
௡ୀଵ

ஶ
௠ୀଵ  

 

(16) 

௭ܬ ൌ ෍ ෍ ෍ ൫݉݊݅ݏଵሺ௠ǡ௡ǡ௞ሻݍ ௫ܲమݔ ൅ ߰௫మ൯ܿݏ݋൫݊ ௬ܲమݕ ൅ ߰௬మ൯ܿݏ݋൫݇ ௭ܲమݖ ൅ ߰௭మ൯൅ ݍଶሺ௠ǡ௡ǡ௞ሻܿݏ݋൫݉ ௫ܲభݔ ൅ ߰௫భ൯݊݅ݏ൫݊ ௬ܲభݕ ൅ ߰௬భ൯ܿݏ݋൫݇ ௭ܲభݖ ൅ ߰௭భ൯ஶ
௞ୀଵ

ஶ
௡ୀଵ

ஶ
௠ୀଵ  

 

 

(17) 
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where, ݁ ሺ௠ǡ௡ǡ௞ሻ , ݄ሺ௠ǡ௡ǡ௞ሻ ଵሺ௠ǡ௡ǡ௞ሻǡݍ ,  and ݍଶሺ௠ǡ௡ǡ௞ሻ  are the coefficients associated with (n, m, k)th 

harmonic for the eddy current densities which are derived from ܽሺ௠ǡ௡ǡ௞ሻ and ܾ ሺ௠ǡ௡ǡ௞ሻ after the operations 

defined in (8) and (9).  From the boundary condition given in (10) the normal component of the current 

density need to be zero along all the six surfaces of the magnet as shown in Fig.1. 

For the surfaced defined by   ݔ ൌ Ͳ a�d ݔ ൌ ௫ܬ  ௫ , as shown in Fig.1b, the normal current densityܮ ൌ Ͳ Ǥ  From (15), it demands ܿݏ݋൫݉ ௫ܲమݔ ൅ ߰௫మ൯ ൌ Ͳ   at ݔ ൌ Ͳ  and  ݔ ൌ  ௫Ǥܮ
Hence, ௫ܲమ ൌ గ௅ೣ  ܽ݊݀  ߰௫మ ൌ గଶ . 

For the surface defined by  ݕ ൌ Ͳ a�d  ݕ ൌ ௬ܬ ௬ , as shown in Fig.1c, the normal current densityܮ ൌ ͲǤ  From (16), it demands ܿݏ݋൫݊ ௬ܲభݕ ൅ ߰௬భ൯ ൌ Ͳ  at ݕ ൌ Ͳ and ݕ ൌ ௬. Hence, ܲ௬భܮ ൌ గ௅೤  ܽ݊݀  ߰௬భ ൌగଶ Ǥ 
And finally for the face with  ݖ ൌ Ͳ a�d z ൌ ௭ܬ ௭ ǡ as shown in Fig.1d, the normal current densityܮ ൌ Ͳ. From (17), it demands ܿݏ݋൫݇ ௭ܲభݖ ൅ ߰௭భ൯ ൌ Ͳ   and  ܿ ൫݇ݏ݋ ௭ܲమݖ ൅ ߰௭మ൯ ൌ Ͳ   , at ݖ ൌ Ͳ and ݖ ൌ ௭ܮ Ǥ 

Hence, 

 ௭ܲభ ൌ గ௅೥  ܽ݊݀  ߰௭భ ൌ గଶ  also ܲ ௭మ ൌ గ௅೥  ܽ݊݀  ߰௭మ ൌ గଶ Ǥ 
Now from the Coulomb gauge ׏ ή ܣ ൌ Ͳ imposed over the magnet volume, as the PM is insulated on 

all its surfaces it needs to be satisfied along all its surfaces too, 

hence 

෍ ෍ ෍ ቊ ܿሺ௠ǡ௡ǡ௞ሻଵ ൫݉݊݅ݏ ௫ܲభݔ ൅ ߰௫భ൯ܿݏ݋൫݊ ௬ܲభݕ ൅ ߰௬భ൯ܿݏ݋൫݇ ௭ܲభݖ ൅ ߰௭భ൯൅݀ሺ௠ǡ௡ǡ௞ሻଵ ൫݉ݏ݋ܿ ௫ܲమݔ ൅ ߰௫మ൯݊݅ݏ൫݊ ௬ܲమݕ ൅ ߰௬మ൯ܿݏ݋൫݇ ௭ܲమݖ ൅ ߰௭మ൯ቋ  ஶ
௞ୀଵ

ஶ
௡ୀଵ

ஶ
௠ୀଵ   ൌ Ͳ (18) 

At  ݔ ൌ Ͳ  a�d ݔ ൌ ൫݊݊݅ݏ ௫   , (18) demandsܮ ௫ܲభݔ ൅ ߰௫൯ ൌ Ͳ , which leads to  ܲ௫భ ൌ గ௅ೣ and ߰௫భ ൌ Ͳ. 

Similarly, at ݕ ൌ Ͳ a�d ݕ ൌ ൫݊݊݅ݏ ௬ , (18) demandsܮ ௬ܲమݔ ൅ ߰௬൯ ൌ Ͳ , hence ܲ௬మ ൌ గ௅೤    and ߰௬మ ൌ Ͳ. 

Substituting ܲ௫భ ǡ ௬ܲభ ǡ ௭ܲభ ǡ ௫ܲమ ǡ ௬ܲమ ǡ ௭ܲమ and the phase angles߰௫భ ǡ ߰௬భ ǡ ߰௭భ ǡ ߰௫మ ǡ ߰௬మ ǡ ߰௭మ  into (11), (12) 

gives, 

ܵ௫ ൌ ෍ ෍ ෍ ܽሺ௠ǡ௡ǡ௞ሻܿݏ݋ ൬݉ ௫ܮߨ ൰ݔ ݊݅ݏ ቆ݊ ௬ܮߨ ቇݕ ሺ݇݊݅ݏ ௭ܮߨ ሻஶݖ
௞ୀଵ

ஶ
௡ୀଵ

ஶ
௠ୀଵ  

 

 (19) 
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ܵ௬ ൌ ෍ ෍ ෍ ܾሺ௠ǡ௡ǡ௞ሻ݊݅ݏ ൬݉ ௫ܮߨ ൰ݔ ݏ݋ܿ ቆ݊ ௬ܮߨ ቇݕ ሺ݇݊݅ݏ ௭ܮߨ ሻஶݖ
௞ୀଵ

ஶ
௡ୀଵ

ஶ
௠ୀଵ  

 

(20) 

As proved using the generalized imaging technique in [41], it can be observed from (19) and (20) 

that across the normal boundary the sources has been mirrored, while it has become inverted mirror image 

across the tangential boundary. Hence the sources  ܵ௫ ǡ ܵ௬  can be observed to be repeating itself at every 

௫ǡܮ2 ௬ǡܮʹ  ௭. This allows to compute the source frequency components within a magnet. The relationܮʹ 

for the  ܣ௫ ǡ ௬ǡܣ ௫ܬ  ǡ  ௭ can also be evaluated in the same manner after substitution. Once the eddyܬ ௬ andܬ

current distribution is known the total eddy current loss at a given time instant is the sum of the losses 

associated with each harmonic component: 

௘ܲௗௗ௬ ൌ ෍ ෍ ෍ ܲሺ௠ǡ௡ǡ௞ሻஶ
௞ୀଵ

ஶ
௡ୀଵ

ஶ
௠ୀଵ  

ൌ ෍ ෍ ෍ ͳͅ න න න ͳߪ ή ሾܬ௫ሺ௠ǡ௡ǡ௞ሻଶ൅ܬ௬ሺ௠ǡ௡ǡ௞ሻଶ ൅ ௭ሺ௠ǡ௡ǡ௞ሻଶଶ௅೥଴ܬ
ଶ௅೤଴

ଶ௅ೣ଴
ஶ

௞ୀଵ
ஶ

௡ୀଵ
ஶ

௠ୀଵ ሿ݀ݖ݀ݕ݀ݔ 

ൌ ෍ ෍ ෍൛݌ଵሺ௠ǡ௡ǡ௞ሻ ൅ ଶሺ௠ǡ௡ǡ௞ሻ݌ ൅ ଷሺ௠ǡ௡ǡ௞ሻ݌ ൅ ସሺ௠ǡ௡ǡ௞ሻ݌ ൅ ହሺ௠ǡ௡ǡ௞ሻൟஶ݌
௞ୀଵ

ஶ
௡ୀଵ

ஶ
௠ୀଵ  

(21) 

The coefficients, c(m,n,k), d(m,n,k),  e(m,n,k), h(m,n,k), q(m,n,k) for the current vector potential and 

eddy current densities, and p1(m,n,k) - p5(m,n,k) for the total eddy current loss are all arithmetic functions 

of the harmonic order and magnet dimensions. They are summarized in Appendix 9.2. The process of 

implementation of the method is described in [41]. 

5. Finite element validation 

 

5.1. Machine topology and design parameters 
 

The proposed method is applied to 5kW 18-slot 8-pole and 12-slot,8-pole SPM machines for the 

evaluation of the eddy current loss in the rotor permanent magnets. The subdomain model  [29] employed 

here can deal with both overlapping and non-overlapping type of double layer windings. The 18-slot 8-

pole SPM machine considered uses an overlapping type of winding and the 12-slot,8-pole SPM machine 

employs a non-overlapping winding as shown in Figs.2a and b.   The torque comparison at load conditions 

for both the machines is shown in Fig. 2c.  The key physical parameters and specifications are listed in 

Table 1. 
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a         b 

 

        

  
 
 

 c       d 
 
Fig.2 SPM machine models and torque comparison 
a 2D FE model -18-slot, 8-pole machine 
b 2D FE model- 12 slot, 8-pole machine 
c Torque comparison for both the machines at load conditions  (ܫௗ ൌ Ͳܣǡ ௤ܫ ൌ ͷͷܣ ሺ݇ܽ݁݌ሻ ,4500 rpm) 
d 3D FE model- 18 slot, 8-pole machine 
 
 

    TABLE 1 Key dimensions and specifications of the SPM machines 

 
Parameter Unit 18-slot, 8-pole 12-slot, 8-pole 

Stator outer radius mm 70.59 70.59 

Motor stack length mm 118 118 
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Rotor radius mm 32.5 32.5 

Magnet thickness mm 3.0 3.0 

Magnet pole arc elec.deg 175 175 

Slot opening mm 2.03 2.03 

Slot opening depth mm 2.375 2.375 

Slot depth mm 29.15 29.15 

Teeth width mm 8.5 12.5 

Shaft radius mm 20.0 20.0 

No. of turns/coil No. 6 10 

Magnet remanent flux density T 1.1 1.1 

Magnet resistivity ȍ.m ͳǤͺxͳͲି଺ ͳǤͺxͳͲି଺ 

Maximum speed 
rpm 4500 4500 

Rated current  A 39 39 

Rated speed rpm 2100 2100 

 
 
5.2. 2D FE for field source validations 

 
2D eddy current source field distributions considering slotting is obtained from the subdomain 

model, which neglects the magnetic saturation in the machine. Before proceeding to the eddy current 

calculations it is insightful to have a comparison for the magnetic field variation with the results obtained 

from 2D FEA. The eddy currents and the associated loss are evaluated when the machine is operated at 

peak load (peak phase current of 55A) at the maximum speed of 4500rpm.  

 Fig. 3 compares the analytically and 2D FE predicted eddy current source component variations 

with angular position at a given time instant of ߱௥ݐ ൌ ͳǤʹͷ଴ (mech.) for the magnet ‘1’ when the SPM 

machines operates at the  load conditions mentioned before, where ߱௥ is the fundamental electric angular 

frequency of the operation. It can be seen that the analytical predictions agree very well with those 

obtained from the 2D FEAs accounting material saturation. This ensures the accuracy of the source of 

excitation of the eddy current distribution to be analytically predicted by the proposed method. 

 

5.3.   Comparisons of eddy current distribution and eddy current loss with 3D FEAs 
 

A 3D FE model of the machine, as shown in Fig. 2d has been built to predict the 3D eddy current 

distribution and resultant eddy current loss induced in the magnets. Since the machine employs fractional 

slot per pole topology, circumferential symmetry exits only over 180 mechanical degrees. Thus, a quarter 
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of the machine has to be modelled in 3D FEAs. The meshed coils are extended in the axial direction to 

consider the winding end effect. Tangential boundary conditions are imposed on this extended surface. A 

perfect insulation boundary conditions are applied to the axial and circumferential end surfaces of the 

magnets to insulate the segments from each other.  In addition, the conductivity of the rotor iron core is 

not considered to avoid the eddy current flow in them. In practice, segmented pieces are glued together by 

high temperature epoxy which acts as insulator. 
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d 
 
 

   
Fig.3. Comparison of source components from 2D FE and slotting effect model at mean radius of the magnet ‘1’ at ߱ ௥ݐ ൌͳǤʹͷ଴ 
a  Circumferential component  -  ܵ௫  (18-slot, 8-pole SPM) 
b  Radial component - ܵ௬  (18-slot, 8-pole SPM) 
c  Circumferential componet - ܵ௫  (12-slot, 8-pole SPM) 
d  Radial component -ܵ௬ (12 –slot,8-pole SPM) 

 

Fig.4a compares the instantaneous loss computed for the first four magnets and their total when the 

18-slot, 8-pole SPM machine is having 2 axial segments and no circumferential segments when excited at 

peak load conditions. The magnet loss is observed to be repeating at every 1/6th fundamental 

frequency[41], and hence the losses evaluation is repeated  over this time span and averaged to predict the 

magnet loss.Fig.4b compares analytically and 3D FE predicted instantaneous total eddy current loss 

variations in 18-slot,8-pole SPM with rotor position when the machine operates at the peak load condition 

with each magnet per pole segmented into 2 pieces axially. Fig.4c compares the analytically and 3D FE 
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predicted variations of z and x components of the current density with x in magnet ‘1’ under the previously 

mentioned conditions.  

 
a 

 

 
b 

 
c 

 
Fig.4. Instantaneous variation of magnet loss with rotor position for 18-slot, 8-pole SPM machine  
a   Loss associated with magnets 1-4 and their total 
b   Loss comparison from the proposed method and 3D FE  
c  Jx and Jz comparison in magnet ‘1’ ሺͲ ൏ ݔ ൏ ߱ ௫ሻ at ܮ ௥ݐ =  40, z =  ͲǤ͹ͷ ܮ ௭ and y ൌ ͲǤͷ ܮ ௬   
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Good agreement between the analytical and 3D FE predicted instantaneous values are observed 

albeit few minor mismatches which may be attributed to the curvature, the end winding effects and the 

core saturation which is neglected in the proposed method.  

Fig.5 compares analytically and 3D FE predicted eddy current loss at no load and peak load with 

increase in axial and circumferential segmentation for both the SPM machines.   
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Fig.5. Magnet loss with increase in Axial and circumferential segmentation  
a   No load conditions for 18-slot, 8-pole SPM 
b   Peak load conditions for 18-slot, 8 –pole SPM 
c   No load conditions for 12- slot, 8-pole SPM 
d   Peak load conditions for 12-slot, 8 –pole SPM 
 

It can be seen that in all cases, good agreements are obtained between the 3D FE and analytical 

results. Also it can be seen that the no load loss is reduced with the 12-slot, 8-pole combination compared 

to the 18-slot, 8-pole machine as a result of reduction in the number of slots. However, the magnet loss at 

the same load conditions is found to be much higher in the 12-slot, 8-pole machine. This is because the 18-

slot, 8-pole machine employs winding design features to reduce the space harmonics and hence the rotor 

eddy current loss [43] , while retaining the merits of fractional slot per pole machine topology. 
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6. Evaluation of the results 

 

6.1. Separation of magnet loss based on source components 
 

Since the eddy current source within the PM has two components,  ߲ܤ௥ Τݐ߲  and  ߲ܤ௧ Τݐ߲  , it is 

insightful to assess the contribution of each towards the magnet loss. Fig. 6 shows the contribution of 

tangential and radial source components ൫ܵ௫ǡ ܵ௬൯ of flux density towards magnet loss, with increase in 

axial and circumferential number of segmentations when both the machine operates in the peak load 

conditions at 4500rpm. It is observed that the contribution of  ߲ܤ௧ Τݐ߲   towards the magnet loss is less 

significant, being an order of magnitude lower, compared to the loss contribution due to ߲ܤ௥ Τݐ߲  at lower 

number of magnet segments. This is because the radial component of flux density, ܤ௥, in a magnet is 

usually dominant, and hence both the rms and peak values of  ߲ܤ௥ Τݐ߲  are much greater than those of  ߲ܤ௧ Τݐ߲ , as is evident in Fig.3 whilst the resultant eddy current loss is proportional to square of the time 

derivatives. 

 

 
a 
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Fig.6. Magnet loss associated with source components at peak load with increase in axial and circumferential segmentations 
a  Loss associated with source components in 18-slot,8-pole SPM 
b  Loss associated with source components in 12-slot,8-pole SPM 
  

Further, the reduction of the loss associated with  ߲ܤ௧ Τݐ߲  is found to decrease very slowly with 

increase in the axial number of segments. Moreover, the loss associated with   ߲ܤ௧ Τݐ߲  is found to have no 

significant variation with the circumferential number of segments.  This is because the eddy currents due 

to  ߲ܤ௧ Τݐ߲  flows in 2D y-z plane and segmentation along  x- direction cannot alter the eddy current 

circulation path.  It is also worth noting that the actual magnet loss in the machine is found to be lower 

than the sum of the losses due to the time derivatives of the radial and tangential flux density components 

as a result of harmonic interaction between the sources which can be seen from the definition of  ܬ௭ in (8). 

The results follows that circumferential segmentation is not effective in reducing the eddy current loss 

associated with ߲ܤ௧ Τݐ߲ .  

 
6.2. Variation of harmonic loss with number of segmentations 

 
The analytical solution of source components given in (5), (6) allows to evaluate the different 

harmonic contents present in the eddy currents. It is observed  that the harmonics which are resulting in 

loss in the rotor reference are of the orders  ሺ݊ଵ݌௦ ൅ ௦݌ሻand  ሺ݊ଶ݌ െ  ,ሻ  as identified in [13], where ݊ଵ= 2݌

5, 8… and ݊ଶ= 1,4,7…, ݌௦ is the number of pole-pairs associated with the stator winding and ݌ the rotor 

pole pairs.  
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The contribution of the forward and the reverse rotating harmonics of the same order towards the 

flux density variations is accounted together as they interact with each other [13] in loss production. These 

time harmonics are found to be of the order of 6, 12, 18, 24, 30, 36, 42, 48, 54…in 18-slot,8-pole SPM 

machine. It is observed from the loss computation that the major contributors for the magnet loss among 

them are of the orders 6, 12, 18, 36 and 54. The time harmonics are found to be of the order of 12, 24, 36, 

48, 60…in 12-slot,8-pole SPM machine and the major contributors for the magnet loss among them are of 

the orders 12, 24, and 36. 

 
TABLE 2 Wave length Associated with Major Harmonics 

 

Harmonic No. (h) 6 12 18 24 36 54 

Wavelength -ߣ௛(mm) 32.46 16.23 10.82 8.12 5.41 3.60 
 

 

The wavelengths associated with these harmonics calculated based on the mean magnet radius 

(31mm) are tabulated in Table 2. The magnet loss variations for each major harmonic at peak load 

conditions with increase in circumferential and axial number of segments for the 18-slot,8-pole machine is 

compared in Figs. 7a and b respectively. For the purpose of illustration, the segment widths are also given 

for each number of segmentations.  

 

a 
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d 

Fig.7. Comparison of loss variations associated with major harmonics at peak load with number of segments or with segment 
width 
a   Circumferential segmentation in 18-slot, 8–pole SPM 
b   Axial segmentation in 18-slot, 8–pole SPM 
c   Circumferential segmentation in 12-slot, 8–pole SPM 
d   Axial segmentation in 12-slot, 8–pole SPM 
 

As can be seen, for the 18-slot,8-pole SPM the 6th and 18th harmonics contribute to ~94 % of the 

total magnet loss, where the loss contributions from 12, 36 and 54 orders of harmonics are shown in the 

scale of the secondary y-axis to clearly understand the relationship between the segment widths and the 

harmonic wavelengths. 

 
Given that the circumferential segmentation is effective in reducing the eddy current loss associated 

with ௥ܤ߲  Τݐ߲ , it is clear from Fig.7a that those harmonics most affected by the circumferential 

segmentation have their wavelength (ߣ௛ ) greater than the circumferential segment width [38]. Hence 

magnet loss reduction by circumferential segmentation will be less effective when the harmonic 

wavelength (ߣ௛) is lower than circumferential segment width, but becomes effective when the wavelength 

is greater than circumferential segment width. For example, the loss associated with the 18th harmonic is 

reduced at a faster rate when the number of circumferential segments are greater than two as the 

wavelength (10.82 mm) of the 18th harmonic becomes lower than the segment width (11.83 mm). For the 

case with the 6th harmonic, its wavelength (32.46 mm) is already lower than the segment width (23.67mm) 

when the number of circumferential segment is one, hence the associated loss is reduced at a faster rate 

with any further circumferential segmentations. However, it can be observed that the loss reduction 
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becomes slow with increase in circumferential number of segmentations when the harmonic wavelength is 

much greater than the segment width. The above phenomenon can be understood by the fact that when a 

harmonic wavelength is shorter  than the segment width, the induced eddy current due to  ߲ܤ௥ Τݐ߲  which 

mainly circulates on the x-z plane can return easily within the segment. However, the eddy current return 

path is hampered when the segment width is shorter than the wavelength, resulting in a greater reduction 

in eddy current circulation and hence the associated loss.  

For the case with axial segmentation it can be observed from Fig.7b that the rate of loss reduction 

with increase in number of segmentations decreases with increase in harmonic order. Hence the loss 

associated with the 6th harmonic is reduced at a much faster rate than that of the 54th harmonic (h=54) 

with increase in the axial number of segmentations. While the circumferential segmentation only affects 

the eddy current circulation due to  ߲ܤ௥ Τݐ߲ , the axial segmentation breaks both the induced eddy current 

paths due to  ߲ܤ௥ Τݐ߲  and  ߲ܤ௧ Τݐ߲ , and hence it is effective for reduction of eddy current losses associated 

with both the radial and circumferential  components. The increase in the axial number of segments will 

increase the effective resistance of the z-component of the eddy current density, and hence reduces the 

eddy current losses. Thus, the axial segmentation will be effective in loss reduction even the wavelength of 

a harmonic is shorter than the axial segment height, as is evident from Fig. 7b. However, the harmonic loss 

reduction is observed at a slower pace with increase in axial segmentation number. This is because the 

magnet segment height is also reduced at a lower rate with increase in axial segmentation number. 

From Figs.7c and d it can be seen that for the 12-slot, 8-pole SPM machine the loss the associated 

with the12th harmonic is much higher compared to all other harmonics, resulting in the increased magnet 

loss. Also it is clear that the 12-slot, 8-pole SPM machine also follows the same trend for the harmonic 

loss variations with increase in circumferential and axial segmentations as observed previously for the 18-

slot, 8-pole SPM machine. 

Hence it may be preferred to segment the permanent magnet in the circumferential direction so that 

the width of the segment is lower than the wavelengths of all the dominant harmonics responsible for eddy 

current loss, followed by axial segmentation which targets those harmonics whose wavelengths is close or 

greater than the magnet width after the first step.  However, segmentations in both directions have to be 

considered in the context of manufacturing feasibilities and cost. 

7. Conclusions 
A computationally efficient and accurate means for predicting 3D eddy current loss in rotor magnets 

of PM machines has been developed considering slotting based on 3D Fourier expansion of time-

derivatives of flux density in magnets. The developed method has been validated by 3D FEAs on 18-slot, 
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8-pole and 12-slot,8-pole SPM machines. On an average for evaluating the loss variation with increase in 

axial number of segmentation up to 10, it takes around 2 minutes for each case, in contrast to more than 36 

hours usually required for one 3D FE analysis with no axial segmentation on a typical 3.3 GHz, 64GB PC. 

It is observed that the loss contribution from the tangential component of the magnetic field variation is 

much lower in comparison to the loss associated with radial field variations. The method of axial 

segmentation is found be better in reducing magnet loss from those harmonics with their wavelength lower 

than the segment width. The developed method provides an effective tool for assessing eddy current loss 

and for devising segmentation schemes for the loss reduction. 
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9.  Appendix  
9.1. Definition of abr, afr, ȥbr, ȥfr, abĮ, afĮ, ȥbĮ, ȥfĮ, in evaluating ܵ௫ and  ܵ௬ 
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࢘࢈ࢇ ൌ ቚെࢇ૚࢒ࢇ࢐࣒ࢋ࢒ െ ૛࣊ቁቚି࢒ࢉ࢐ቀ࣒ࢋ࢒૚ࢉ ૛ൗ ࢻ࢈ࢇ  ൌ ቚെࢇ૚࢐ࢋ࢒ቀ࣒ି࢒ࢇ૛࣊ቁ ൅ ቚ࢒ࢉ࢐࣒ࢋ࢒૚ࢉ ૛ൗ  

࢘ࢌࢇ ൌ ቚെࢇ૚࢒ࢇ࢐࣒ିࢋ࢒ ൅ ૛࣊ቁቚି࢒ࢉ࢐ቀ࣒ିࢋ࢒૚ࢉ ૛ൗ  ௙ܽఈ ൌ ቚܽଵ௟݁ି௝ቀటೌ೗ିగଶቁ ൅ ܿଵ௟݁ି௝ట೎೗ቚ ʹൗ  

࢘࢈࣒ ൌ ࢋ࢒ࢍ࢔ࢇ ቀെࢇ૚࢒ࢇ࢐࣒ࢋ࢒ െ ૛࣊ቁቁ ߰௕ఈି࢒ࢉ࢐ቀ࣒ࢋ࢒૚ࢉ ൌ ݈ܽ݊݃݁ ቀെܽଵ௟݁௝ቀటೌ೗ିగଶቁ ൅ ܿଵ௟݁௝ట೎೗ቁ 

࢘ࢌ࣒ ൌ ࢋ࢒ࢍ࢔ࢇ ቀെࢇ૚࢒ࢇ࢐࣒ିࢋ࢒ ൅ ૛࣊ቁቁ ߰௙௥ି࢒ࢉ࢐ቀ࣒ିࢋ࢒૚ࢉ ൌ ݈ܽ݊݃݁ ቀܽଵ௟݁ି௝ቀటೌ೗ିగଶቁ ൅ ܿଵ௟݁ି௝ట೎೗ቁ 

 
9.2. Solutions to the Eddy Current Functions 

The coefficients, c(m,n,k), d(m,n,k),  e(m,n,k), h(m,n,k), q(m,n,k) for the current vector potential and 

eddy current densities, and p1(m,n,k) - p5(m,n,k) for the eddy current loss are defined as follows: 

 

Let  ࡹ૛ ൌ ሺ࢓ ሻ૛࢞ࡸ࣊ ൅ ሺ࢔ ሻ૛࢟ࡸ࣊ ൅ ሺ࢑ ሻ૛ (22) ܿሺ௠ǡ௡ǡ௞ሻࢠࡸ࣊ ൌ ߪ ή ܽሺ௠ǡ௡ǡ௞ሻܯଶ  (23) ݀ሺ௠ǡ௡ǡ௞ሻ ൌ ߪ ή ܾሺ௠ǡ௡ǡ௞ሻܯଶ  (24) 

݁ሺ௠ǡ௡ǡ௞ሻ ൌ ߪ ή െܾሺ௠ǡ௡ǡ௞ሻሺ݇ ଶܯ௭ሻܮߨ  (25) 

݄ሺ௠ǡ௡ǡ௞ሻ ൌ ߪ ή ܽሺ௠ǡ௡ǡ௞ሻሺ݇ ଶܯ௭ሻܮߨ  (26) 

ଵሺ௠ǡ௡ǡ௞ሻݍ ൌ ߪ ή ܾሺ௠ǡ௡ǡ௞ሻ ቀ݉ ଶܯ௫ቁሻܮߨ  (27) 

ଶሺ௠ǡ௡ǡ௞ሻݍ ൌ ߪ ή െܽሺ௠ǡ௡ǡ௞ሻሺ݊ ଶܯ௬ሻܮߨ  
(28) 

ଵሺ௠ǡ௡ǡ௞ሻ݌ ൌ ܾሺ௠ǡ௡ǡ௞ሻଶ ή ቎ቀ݇ ଶܯ௭ቁܮߨ ቏ଶ ή ௭ͺܮ௬ܮ௫ܮߪ  (29) 

ଶሺ௠ǡ௡ǡ௞ሻ݌ ൌ ܽሺ௠ǡ௡ǡ௞ሻଶ ή ቎ቀ݇ ଶܯ௭ቁܮߨ ቏ଶ ή ௭ͺܮ௬ܮ௫ܮߪ  (30) 

ଷሺ௠ǡ௡ǡ௞ሻ݌ ൌ ܾሺ௠ǡ௡ǡ௞ሻଶ ή ቎ቀ݉ ଶܯ௫ቁܮߨ ቏ଶ ή ௭ͺܮ௬ܮ௫ܮߪ  (31) 

ସሺ௠ǡ௡ǡ௞ሻ݌ ൌ ܽሺ௠ǡ௡ǡ௞ሻଶ ή ൦൬݊ ଶܯ௬൰ܮߨ ൪ଶ ή ௭ͺܮ௬ܮ௫ܮߪ  (32) 
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ହሺ௠ǡ௡ǡ௞ሻ݌ ൌ െʹܽሺ௠ǡ௡ǡ௞ሻܾሺ௠ǡ௡ǡ௞ሻ ή ൬݉ ௫൰ܮߨ ቆ݊ ௬ቇܮߨ ή ሾ ͳܯଶሿଶ ή ௭ͺܮ௬ܮ௫ܮߪ  (33) 

 

 


